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Serotype IV group B Streptococcus (GBS) is emerging in Canada and the United States with rates as high as 5% of the total bur-
den of adult invasive GBS disease. To understand this emergence, we studied the population structure and assessed the antimi-
crobial susceptibility of serotype IV isolates causing adult invasive infection in Manitoba and Saskatchewan, Canada, between
2010 and 2014. Whole-genome sequencing was used to determine multilocus sequence typing information and identify genes
encoding antimicrobial resistance in 85 invasive serotype IV GBS strains. Antimicrobial susceptibility testing was performed by
standard methods. Strain divergence was assessed using genome-wide single-nucleotide polymorphism analysis. Serotype IV
strains were responsible for 16.9% of adult invasive GBS infections in Manitoba and Saskatchewan during the period. The ma-
jority of serotype IV isolates (89%) were clonally related, tetracycline-, erythromycin-, and clindamycin-resistant sequence type
459 (ST459) strains that possessed genes tetM and ermTR. Genome comparisons between ST459 and serotype V ST1 GBS identi-
fied several areas of recombination in an overall similar genomic background. Serotype IV ST459 GBS strains are expanding and
causing a substantial percentage of adult invasive GBS disease. This emergence may be linked to the acquisition of resistance to
tetracycline, macrolides, and lincosamides.

Group B Streptococcus (GBS, also known as Streptococcus aga-
lactiae) is a leading cause of sepsis and meningitis in neonates

(1) and also causes invasive diseases in adult populations, partic-
ularly in older adults and immunocompromised individuals (2,
3). GBS adult diseases include bacteremia, skin and soft tissue
infections, and more rarely, meningitis and endocarditis and can
have mortality rates as high as 25% (3–6). GBS strains are classi-
fied in 10 serotypes (Ia, Ib, and II to IX) based on a serological
reaction against the capsular polysaccharide (7–9). Strains of se-
rotype V have been associated with the marked increase of adult
invasive infections observed in North America since the 1990s (3,
10–12). Strains of this serotype, particularly those identified by
multilocus sequence typing (MLST) as sequence type 1 (ST1),
reportedly cause more invasive disease and have reduced suscep-
tibility to macrolide and lincosamide antibiotics (13–15).

Historically, serotype IV GBS has been rarely isolated in North
America, but its prevalence is increasing (11, 16). In the United
States, longitudinal surveillance suggests that the proportion of
serotype IV GBS isolates from nonpregnant adults increased from
0.2% in 1998 to 1999 to 5.7% in 2005 to 2006 (2). In 2010, serotype
IV strains were shown to be responsible for 16% of early onset
neonatal infections in the state of Minnesota (17, 18). Consistent
with this emergence, when we characterized a collection of 600
invasive strains from the province of Ontario, Canada, we found
that serotype IV isolates were responsible for 6.2% of cases of GBS
invasive disease (19). Further characterization of invasive GBS
strains from Toronto uncovered two main circulating STs among
serotype IV isolates: ST452, included in clonal complex 23
(CC23), and ST459, included in CC1 (20).

Here, we sought to test the hypothesis that serotype IV strains
are also emerging among GBS adult invasive disease in the prov-
ince of Manitoba, Canada, which shares borders with Ontario and
Minnesota, and in the province of Saskatchewan, directly west of
Manitoba. In addition, we investigated whether one or multiple
serotype IV clones were associated with cases of adult human dis-
ease in these areas. We report the highest yet recorded prevalence
of serotype IV among adult invasive GBS infections (19% in Sas-
katchewan and 16% in Manitoba). We also show that highly
clonal strains of ST459 serotype IV GBS, which are resistant to
erythromycin, clindamycin, and tetracycline, are the main drivers
of this emergence.
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MATERIALS AND METHODS
Isolate collection and serotyping. A total of 549 GBS strains isolated from
normally sterile sites in adult patients were collected by the Cadham Pro-
vincial Laboratory in Winnipeg, Manitoba, and by the Saskatchewan Dis-
ease Control Laboratory in Regina, Saskatchewan (355 and 194 isolates,
respectively), from January 2010 to May 2014. In Manitoba, the strains
represented almost all invasive GBS isolates recovered province-wide
from adult patients. In Saskatchewan, organisms were collected from
adult patients in the two major urban centers of Saskatoon and Regina.
Available strain metadata were limited to patient age, geographic descrip-
tors, and anatomical source of the isolate. Species identification was car-
ried out by standard methods (21, 22). The provincial laboratories then
submitted the isolates to the National Microbiology Laboratory (Winni-
peg, MB) for serotyping by latex agglutination (SSI Diagnostica, Statens
Serum Institute, Copenhagen, Denmark) (23). Of the 93 serotype IV GBS
strains, 85 were available for further characterization, including 47 from
blood cultures, 18 from tissue, 5 from synovial fluid, and 15 from other
normally sterile sites (e.g., peritoneal or pleural fluid). These 85 isolates
were received by Public Health Ontario for whole-genome sequencing
(WGS) (see Table S1 in the supplemental material). Of them, 79 were
isolated from presumptive unique patients. In three cases, two strains
from a single patient (isolated from different sterile sites) were used (see
Table S1 in the supplemental material). There was no clear evidence of
localized outbreaks caused by serotype IV GBS during the collection pe-
riod.

WGS and bioinformatics analysis. Bacteria were grown overnight in
Todd-Hewitt broth supplemented with 0.2% yeast extract. DNA was pre-
pared from overnight liquid cultures using the QIAamp DNA minikit
(Qiagen, Toronto, ON, Canada) following the manufacturers’ protocol
for Gram-positive organisms. Paired-end libraries were prepared using
the Illumina Nextera XT kit (Illumina, San Diego, CA) and sequenced on
Illumina HiSeq (101 � 101 bp) or MiSeq (150 � 150 bp) instruments.
Parsing of the multiplexed sequencing reads and removal of barcode in-
formation was performed using Illumina onboard software. MLST was
determined directly from short reads using SRST2 (24). Ambiguous or
novel alleles were confirmed by PCR and Sanger sequencing using
previously described primers and conditions described in the GBS MLST
scheme (25). Novel sequence types have been submitted to PubMLST.
Neighbor-joining phylogenetic trees (1,000 bootstrap replications) were
generated with SplitsTree4 (26) using the concatenated sequences of the
seven loci used in the GBS MLST scheme. Illumina short-reads were then
aligned to the genomes of reference strains NGBS061 (serotype IV, ST459;
GenBank accession number CP007631.2) and SGBS001 (serotype V, ST1;
GenBank accession number CP010867) using Mosaik (https://code
.google.com/p/mosaik-aligner/). These two reference strains are the only
ST459 and ST1 closed genomes isolated from humans, and they were each
assembled using a combination of long reads obtained by PacBio instru-
ment and paired-end Illumina short-reads (20, 27). NGBS061 was iso-
lated in 2010 in the greater Toronto area from a case of adult disease.
Strain SGBS001 was isolated in 1993 in Houston, TX, USA. The average
coverage of all 85 strains was 206� (see Table S1 in the supplemental
material). Polymorphisms were identified using VAAL (28) as previously
described (29, 30). A matrix file containing the genotype of all strains at
each polymorphic locus relative to either reference genome was created
from the VAAL polymorphism output data using a custom script. Then,
for each individual strain, single-nucleotide polymorphisms (SNPs) were
concatenated in order of occurrence relative to the genome of the corre-
sponding reference strain and converted to multiFASTA format. Neigh-
bor-joining phylogenetic trees (1,000 bootstrap replications) were gener-
ated from the multiFASTA files using SplitsTree4. For comparative
purposes, the genome sequences of 76 previously characterized ST1
strains from Toronto (27) and 3 previously characterized ST459 strains
from France and the Czech Republic (31) were downloaded from NCBI’s
Sequence Read Archive. SRA accession numbers for these isolates are
provided in Table S2 in the supplemental material. Areas of recombina-

tion were defined using BRATNextGen software (32) and run with 20
iterations and 100 replicates using a P value of 0.05 as the significance
cutoff. Genome visualizations were created using BRIG (33) and edited
using Adobe Illustrator.

Antimicrobial drug susceptibility. We used the SRST2 database list-
ing 1,913 variants of genes encoding antimicrobial resistance (24) to test
for the presence or absence of genetic determinants of antibiotic resistance
in the genomes of the GBS strains and confirmed the genes with manual
inspection of the sequences. All serotype IV GBS strains were tested by
agar dilution for susceptibility to tetracycline, ampicillin, clindamycin,
erythromycin, cefotaxime, penicillin, and vancomycin following Clinical
and Laboratory Standards Institute guidelines (34). Technicians perform-
ing the phenotypic tests were blind to the genetic results.

Short-read whole-genome sequencing data accession number. Data
have been deposited at NCBI’s Sequence Read Archive under accession
number PRJNA286872.

RESULTS
High prevalence of serotype IV strains among adult invasive
GBS disease in Manitoba and Saskatchewan. We first serotyped
all 549 strains recovered from adult GBS invasive infections in
Manitoba and Saskatchewan between 2010 and 2014 (see Table S3
in the supplemental material). In Manitoba, the three most com-
mon serotypes were V (73/355, 21%), IV (57/355, 16%), and Ib
(56/355, 16%) (Fig. 1A). In Saskatchewan, serotype V was the
most prevalent (39/194, 20%) and was followed by serotype IV
(36/194, 19%) and serotypes II and III (each 25/194, 13%) (Fig.
1B). Thus, the overall prevalence of serotype IV strains among
cases of GBS in adult invasive disease was 16.9% (93/549) during
the period under consideration. Although the frequency of isola-
tion of serotype IV GBS strains was relatively constant during each
of the 5 years studied, the overall serotype IV GBS prevalence in
Manitoba and Saskatchewan was higher than that previously re-
ported elsewhere in North America (2, 4, 11, 18) and greatly ex-
ceeded the 6% prevalence recently reported in Toronto, Ontario,
over a time period (2010 to 2012) that partially overlaps with the
current data set (19). The median age of patients with invasive
GBS infection was 60 years in Saskatchewan and Manitoba. The
percentage of invasive serotype IV GBS disease in adults aged 18 to
59 was 19.1% (34/178) in Manitoba and 19.1% (18/94) in Sas-
katchewan, while in older adults (aged �60) serotype IV strains
represented 13.0% (23/177) of the Manitoba cases and 18% (18/
100) of the Saskatchewan cases.

The vast majority of serotype IV GBS isolates causing adult
invasive disease in Manitoba and Saskatchewan are ST459. We
used Illumina short-reads and the read-mapping-based tool
SRST2 (24) to derive MLST information for each isolate directly
from WGS data (STs are presented in Table S1 in the supplemen-
tal material). The vast majority of isolates belonged to CC1 ST459
(87% or 47/54 serotype IV isolates in Manitoba and 94% or 29/31
in Saskatchewan) (Fig. 2). The remaining isolates included five
CC1 strains: two ST3, one ST711 (a novel single locus variant of
ST3), one ST196, and one ST710 (a novel single locus variant of
ST459). We also identified four CC23 ST452 isolates. Table S4 in
the supplemental material lists the number of locus variants be-
tween the different STs identified. The proportion of ST459 iso-
lates among invasive serotype IV GBS in the two provinces (89%)
was significantly higher than that recently described in Toronto,
Ontario, where approximately half of serotype IV isolates were
ST459 (19/37 or 51%, P � 0.001) (20).

Antibiotic susceptibility in serotype IV GBS strains. All sero-
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type IV GBS strains were susceptible to all tested �-lactams and
vancomycin. Eighty-four percent (71/85) serotype IV strains were
resistant to tetracycline (Table 1). Resistance to tetracycline was
observed among strains of all STs except ST452 and ST711. Most
ST459 isolates (68/76) contained the tetM gene, but 8 isolates did
not and were susceptible to tetracycline (see Table S1 in the sup-
plemental material). One additional tetracycline-susceptible
ST459 isolate contained the tetM gene with mutations that are
predicted to result in loss of function (see Table S1 in the supple-
mental material). Erythromycin and clindamycin resistance was
observed in 77/85 strains (91%). All but one of the ST459 strains
was resistant to clindamycin and erythromycin (Table 1). Using
SRST2 (24), we identified that the ermTR gene was present in the

genomes of all strains, including the susceptible isolate (see Table
S1 in the supplemental material). We later discovered a trans-
poson insertion in the ermTR gene that presumably results in loss
of function (data not shown). The ST710 isolate possessed a func-
tional ermTR and was resistant to the two agents. The ST711 iso-
late was also resistant to clindamycin and erythromycin, and we
identified genes ermTR and ermT. On the other hand, ST452, ST3,
and ST196 isolates were susceptible to erythromycin and clinda-
mycin.

The population structure of ST459 isolates suggests clonal
expansion. Recently, we described that clonal ST459 GBS strains
were responsible for more than 50% of serotype IV GBS invasive
disease in Toronto, Ontario (20). Inasmuch as our data seem to
indicate that ST459 isolates are also emerging in Manitoba and
Saskatchewan, we hypothesized that the circulating strains are
part of the same clone that is expanding country-wide. To test this
hypothesis, we used whole-genome SNP analysis to study the ge-
netic relationships between ST459 isolates causing invasive dis-
ease in the three geographical areas. Among the 76 ST459 strains
included in the study, we identified a total of 1,140 phylogeneti-
cally informative SNP loci relative to the core genome (i.e., the
1.90 Mbp region of the genome that excludes mobile genetic ele-
ments) of reference strain NGBS061, isolated in 2010 from an
adult in the greater Toronto area. Consistent with the hypothesis,
neighbor-joining phylogenetic analysis showed that ST459 iso-
lates are genetically very closely related (Fig. 3), with an average
number of 39 SNPs separating any two ST459 strains. No unam-
biguous temporal clustering was identified, and the pattern of
radial divergence is suggestive of clonal expansion. However, de-
spite this limited diversity, we identified at least one clear geo-
graphic pattern of diversification, i.e., a conspicuous clade formed
mostly by strains isolated in Saskatchewan (Fig. 3, left). SNP anal-

0.001
ST459

ST196

ST 710

ST 711
ST3

ST452

FIG 2 Inferred genetic relationships between strains of serotype IV group B
Streptococcus (GBS) causing invasive disease in adults in Manitoba and Sas-
katchewan. A neighbor-joining phylogenetic tree was constructed using the
concatenated sequences of the 7 genes (adhP, pheS, tkt, sdhA, glcK, glnA, atr)
used in the multilocus sequence typing scheme. Colored circles represent the
six different sequence types (STs) identified among serotype IV strains isolated
from adult patients in Manitoba and Saskatchewan. Circle size is proportional
to the number of isolates (ST3, n � 2; ST196, n � 1; ST452, n � 4; ST459, n �
76; ST710, n � 1; ST711, n � 1).

10

20

30

40

50

60

70

NTIXVIIIVIIVIVIVIIIIIIbIa NTIXVIIIVIIVIVIVIIIIIIbIa

N
um

be
r o

f i
so

la
te

s

epytoreSepytoreS

10

20

30

40

50

60

70

BA nawehctaksaSabotinaM

FIG 1 Distribution of group B Streptococcus (GBS) serotypes among cases of adult invasive disease in the provinces of Manitoba (A) and Saskatchewan (B)
during the years 2010 to 2014. Serotype V GBS strains were the most frequently isolated in the two provinces among cases of adult invasive disease (patients �18
years old). Strains of serotype IV GBS were the second most frequently isolated in the two provinces (16% of cases in Manitoba and 19% in Saskatchewan).
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ysis also showed that the ST459 strains circulating in Manitoba
and Saskatchewan are closely related to the strains described in
Toronto (see Fig. S1 in the supplemental material). Furthermore,
genome data for three ST459 strains identified in Europe showed
a high degree of relatedness to the ST459 clones circulating in
Canada, suggesting a recent common ancestor (see Fig. S1 in the
supplemental material).

Large scale recombination differentiates ST459 strains from
other CC1 GBS clones historically associated with disease in
adults. Recently, Flores et al. analyzed a large collection of geo-
graphically and temporally disparate serotype V isolates causing
bacteremia in nonpregnant adults and discovered that the over-

whelming majority of isolates belonged to a single ST1 clone (27).
Despite the different capsule, ST1 and ST459 belong to CC1 and
share some traits: They are most frequently isolated from non-
pregnant adults, are predominantly resistant to tetracycline and,
in most cases, to erythromycin and clindamycin, and, overall, the
genetic diversity within each population is limited (20, 27, 35). We
thus performed genomic comparisons to test the hypothesis that
ST459 strains are derived from ST1 strains that have acquired a
serotype IV capsule by means of a single recombination event.
Consistent with the hypothesis, genome comparisons revealed
that serotype IV ST459 and serotype V ST1 strains share a genome
backbone, which comprises approximately 50% of their genome.

TABLE 1 Resistance to selected antimicrobials among serotype IV group B Streptococcus strains of different sequence types

Clonal complex Sequence type

Susceptibility of isolates (no.) to:a

Tetracycline Erythromycin Clindamycin

S R S R S R

23 ST452 4 0 4 0 4 0
1 ST3 0 2 2 0 2 0
1 ST196 0 1 1 0 1 0
1 ST459 9 67 1 75 1 75
1 ST710 0 1 0 1 0 1
1 ST711 1 0 0 1 0 1

Total 14 71 8 77 8 77
a S, sensitive; R, resistant.

0.001

Saskatchewan
Manitoba

2010
2011
2012
2013
2014

Year

Province

R

FIG 3 Inferred phylogenetic relationships between ST459 group B Streptococcus (GBS) strains causing adult disease in Manitoba and Saskatchewan. A neighbor-
joining phylogenetic tree was constructed using the concatenated sequences of 1,140 unique (nonredundant) single-nucleotide polymorphic loci relative to
ST459 reference strain NGBS061 identified among 76 serotype IV ST459 strains from Manitoba and Saskatchewan. The average number of polymorphisms
between each strain and the reference was 59 or 0.003% of the interrogated bases. The radial structure of the tree suggests clonal expansion. No clear temporal
grouping was observed. R, reference strain NGBS061.
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We also discovered that reference strains of serotype V ST1 (strain
SGBS001) and serotype IV ST459 (strain NGBS061) differ at a
region of approximately 123 kb, which contains the cps genes in-
volved in capsule biosynthesis (Fig. 4A). However, contrary to our
hypothesis of a single recombination event but in line with a re-
cent report by Da Cunha et al. (31), we also identified several other
discrete areas of genomic divergence between strains of these two
STs (Fig. 4A) that likely were also acquired by recombination.
Together, these areas of divergence extend over �1 Mbp and in-
clude genes that have been involved or suggested to be involved in
GBS virulence such as csrRS and pili. When we extended our anal-
ysis beyond reference strains and compared the genomes of all 76
ST459 strains to those of 76 ST1 strains isolated in Toronto, we
observed similar results (Fig. 4B).

Acquisition of macrolide and lincosamide resistance by
ST459 serotype IV and ST1 serotype V strains contributes to
clonal expansion. As reported (27, 31), resistance to macrolides
and lincosamides in ST1 strains is encoded by gene ermB in most
strains, while in ST459 isolates the ermTR gene drives resistance
(20). In the case of ST459, we identified that ermTR is carried in a
mobile genetic element, which in strain NGBS061 is integrated
between 1,323,845 and 1,367,722 bp (Fig. 4C; see also Fig. S2 in the
supplemental material). BLAST comparisons identified high
homology (97% at the nucleotide level) between this mobile
genetic element and group A Streptococcus integrative and con-
jugative element Sp1108 (ICESp1108) (36). In contrast, in ST1
strains, gene ermB is carried by Tn917 integrated into an ICE
also carrying gene tetM (31), although some ST1 isolates do
contain the ermTR gene. In a small number of these ST1 iso-
lates, ermTR is carried in an ICESp1108-like mobile genetic
element (data not shown). Thus, overall, observed differences
suggest independent acquisition of resistance to macrolides
and lincosamides in ST459 and most ST1 GBS. Interestingly,
while these two clonal populations are expanding, other CC1
clones are not. For example, strains of ST196 (a single locus
variant of ST459 isolates belonging to CC1) causing invasive
disease were found in low numbers in this and previous work
(18, 20). None of the ST196 strains carried ermB or ermTR, and
all were sensitive to macrolides and lincosamides. Thus, taken
together, our results support the hypothesis of clonal expan-
sion being driven by acquisition of resistance against these two
classes of antimicrobials (31).

DISCUSSION

Population-based studies have shown that rates of invasive GBS
disease have been increasing over the past 25 years in nonpregnant
adults, with a significant part of the rise due to serotype V GBS
strains (2, 4, 12, 19, 27, 37). In contrast, the emergence of adult
serotype IV GBS invasive disease has only recently begun to be
recognized. In a longitudinal study in the United States, the pro-
portion of serotype IV GBS isolated from nonpregnant adult pa-
tients increased from 0.2% in 1998 to 1999 to 5.7% in 2005 to 2006
(2). In Canada, a country-wide survey conducted in 1996 found
no cases of serotype IV in 79 nonpregnant adults (11), whereas
more recent data from Toronto, Ontario identified that 6% of the
total GBS invasive burden was due to serotype IV strains (19).
Here, we report that for the period of 2010 to 2014 serotype IV
strains were the second most common cause of adult invasive GBS
in the provinces of Manitoba (16%) and Saskatchewan (19%). To
our knowledge, this proportion is the highest ever reported for

serotype IV GBS adult invasive disease. While we did not charac-
terize the GBS serotype distribution among colonized pregnant
women (these studies are under way in our laboratories), others
have observed increasing numbers of serotype IV strains among
colonizing isolates (17, 18, 38–40). Studies aimed at developing a
capsular polysaccharide antigen-based GBS vaccine are ongoing
worldwide, with several formulations that do not include serotype
IV already under clinical trials (41). Given the emergence of sero-
type IV observed by us and others (2, 17–20), it seems apparent
that conjugate vaccines that are being developed should include
polysaccharide and/or associated GBS virulence proteins of sero-
type IV, or they risk not being completely protective.

WGS has enabled the investigation of large and small scale
genetic changes in comprehensive collections of GBS strains, thus
permitting enhanced understanding of the diversity of the organ-
ism and its ability to acquire novel adaptive traits, including ge-
netic elements encoding antibiotic resistance (20, 27, 31, 42, 43).
Recent work that analyzed ST17, ST1, and ST23 strains using
WGS found that a few specific GBS clones, rather than a diverse
array of strains, account for the vast majority of human GBS dis-
ease (31). In line with these findings, one of our key discoveries
was that clonal ST459 strains dominate the serotype IV popula-
tion of strains causing disease in adults. Phylogenetic analysis us-
ing the wealth of WGS data discovered expansion of the clone with
minimal temporal diversification. Our phylogenetic analysis also
indicates that ST459 strains causing invasive disease in Ontario,
France, and the Czech Republic (31) also belong to this clone (see
Fig. S1 in the supplemental material), suggesting global emer-
gence. It seems apparent that investigation of the factors associ-
ated with the dominance of specific GBS clones such as ST459
should be considered in prospective international studies.

Adaptation of unique GBS clonal complexes to a particular
niche(s) is not without precedent. In fact, it is widely recognized
that the CC17 lineage of GBS (mostly composed of clonal serotype
III strains) has adapted to the neonatal niche, particularly late-
onset neonatal disease (44). Data from several independent stud-
ies suggest that the CC1 genomic background is associated with
adult invasive disease (27, 31, 45). Recently, it was shown that the
vast majority of serotype V strains causing disease in adults in
Houston, TX, and Toronto, Canada, belonged to an ST1 clone
with limited genetic diversity (27). Here, we show that serotype IV
ST459 clonal strains are also expanding rapidly among the adult
invasive infection niche. ST459 strains share a genomic backbone
with ST1 strains but present genomic differences attributable to
independent events of homologous recombination involving the
capsular locus and other areas of the genome encoding known and
putative virulence factors.

Almost all serotype IV CC1 strains analyzed here were resistant
to tetracycline. It has recently been suggested that GBS clones
infecting humans have been selected and fixed by extensive use of
tetracycline (31). In addition and although recent data showed
that many (up to 30% in some cases) ST1 serotype V strains do not
carry genetic determinants conferring resistance to macrolides
(27), it has been hypothesized that acquisition of erm-mediated
macrolide and lincosamide resistance contributed to the emer-
gence of serotype V ST1 GBS infections in adults (31). Consistent
with this hypothesis, our data show that all strains of emerging
ST459 GBS carry a copy of gene ermTR, conferring resistance to
these antibiotic classes. Although we cannot disregard that clonal
expansion may also be driven by other factors, for example, herd

Emergence of Serotype IV ST459 GBS

September 2015 Volume 53 Number 9 jcm.asm.org 2923Journal of Clinical Microbiology

http://jcm.asm.org


FIG 4 Genome comparisons between ST459 and other CC1 strains causing disease in adults identifies recombination and differences in antimicrobial resistance
gene content. (A) Polymorphisms identified in serotype V ST1 strain SGBS001 relative to serotype IV ST459 strain NGBS061 are plotted in gray against the
genome of strain NGBS061. Overabundance of polymorphisms at discrete areas of the genome correlated with recombination identified between the two strains
using Bayesian analysis of recombination (BRATNextGen), indicated in blue. Genome landmarks, including MLST genes (adhP, atr, tkt, glcK, sdhA, glnA, pheS)
are provided for reference. Mobile genetic elements are shown in red. (B) A similar polymorphism analysis was performed using 76 serotype V ST1 strains (gray)
and all 76 serotype ST459 (red). Similar genome areas with an overabundance of polymorphisms suggestive of recombination were identified between all ST1
relative the reference strain but not in ST459 strains. (C) Polymorphisms identified relative to strain NGBS061 in 8 selected ST459 are depicted in red. Despite
their different geographic origin (three Canadian provinces and two European countries), polymorphisms were evenly distributed across the genome of the
reference strain. Strain NGBS0798 (orange), belonging to a novel ST710 (a single locus variant of ST459), shows a similar pattern of polymorphisms. Strains of
sequence type ST196 (shown in blue) similarly have relatively few polymorphisms throughout the genome, with the exception of strain NGBS472, which showed
a pattern of polymorphisms much more similar to ST1 strains (depicted in gray). In NGBS472 and the ST1 strains, polymorphisms were concentrated in discrete
areas of the genome. GTA, greater Toronto area; MB, Manitoba; SK, Saskatchewan; FR, France; CZ, Czech Republic; DK, Denmark.
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immunity or enhanced virulence of the clones that had undergone
recombination, it is worth noting that, also consistent with the
hypothesis of macrolide resistance acquisition leading to expan-
sion of GBS clones causing disease in adults, strains of other sero-
type IV CC1 STs, such as ST196, are not expanding among the
adult population. The ST196 genomes are either ST1-like or
ST459-like (Fig. 4C), and thus, likely contain the same virulence
factors as either ST1 or ST459 strains. However, supporting the
hypothesis that acquisition of resistance to these antibiotic classes
is the main driver of the emergence of selected CC1 GBS clones
among adult disease, ST196 strains were sensitive to macrolides
and lincosamides. Although the use of erythromycin is no longer
recommended in the treatment of GBS infections (4, 11, 18), the
use of macrolides for respiratory tract and/or other infections may
be contributing to increased selective pressure for resistance in
bacterial organisms (46).

In summary, we describe here the emergence of serotype IV
among cases of invasive GBS disease in adults. We demonstrate
that, for the most part, this emergence is driven by the expansion
of a single ST459 clone that caused dozens of infections over a
4-year period in Manitoba and Saskatchewan. The clone is resis-
tant to tetracycline, macrolides, and lincosamides, and strains
show limited genetic diversity. Increased surveillance for serotype
IV ST459 GBS infections is warranted as the continued expansion
of this clone may seriously impact planned GBS vaccination ef-
forts.
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